Retrieval of ice cloud properties using passive terahertz wave radiometer from space has gained increasing attention currently. A multi-channel regression inversion method for passive remote sensing of ice water path (IWP) in the terahertz band is presented. The characteristics of the upward terahertz radiation in the clear-sky and cloudy-sky are first analyzed using the Atmospheric Radiative Transfer Simulator (ARTS). Nine representative center frequencies with different offsets are selected to study the changes of terahertz radiation caused by microphysical parameters of ice clouds. Then, multiple linear regression method is applied to the inversion of IWP. Combinations of different channels are selected for regression to eliminate the influence of other factors (i.e., particle size and cloud height). The optimal fitting equation are obtained by the stepwise regression method using two oxygen absorption channels (118.75 ± 1.1 GHz, 118.75 ± 3.0 GHz), two water vapor absorption channels (183.31 ± 1.0 GHz, 183.31 ± 7.0 GHz), and two window channels (243.20 ± 2.5 GHz, 874.4 ± 6.0 GHz). Finally, the errors of the proposed inversion method are evaluated. The simulation results show that the absolute errors of this method for the low IWP cases are below 7 g/m 2 , and the relative errors for the high IWP cases are generally ranging from 10 to 30%, indicating that the multi-channel regression inversion method can achieve satisfactory accuracy.
Introduction
Ice clouds, often occurring in the upper troposphere and the lower stratosphere, play a significant role in the balance of the energy budget since they can both reflect the incoming solar radiation and trap thermal infrared emission from the lower atmosphere and the surface. The physical properties of ice clouds have become important parameters in the weather and climate numerical models, especially the ice water path (IWP), which is an indispensable parameter used to describe the column-integrated bulk mass of ice inside the clouds [1, 2] . However, measuring the IWP continues to remain a challenging task nowadays. There are limited numbers of high-quality global observations, and we lack the understanding of the microphysical and optical properties of ice clouds, and substantial uncertainties remain in the representation of ice clouds in radiative transfer models, which further influences the accuracy of weather and climate modelling. Therefore, there is an urgent need to obtain the properties of ice clouds precisely on a global scale. linear regression is adopted to eliminate the influence of other correlative parameters (i.e., particle size and cloud height), so as to realize the inversion of IWP directly by passive remote sensing in the terahertz band.
Methods of Simulation

Forward Model and Simulator
The atmospheric transmission of terahertz radiation includes atmospheric emission, attenuation and other basic processes. Atmospheric attenuation is mainly caused by absorption of gas molecules and scattering of particles. Scattering is mainly due to aerosols and condensations of water vapor, such as clouds, rain and snow. Terahertz wavelength is similar to that of the ice cloud particle, so the scattering effect is strong. The upward thermal radiation generated by the surface and the lower layer of the warmer atmosphere is reduced by the scattering effect of the ice cloud particles. Additionally, the decreased brightness temperature received by the radiometer is directly related to the parameters of ice clouds, so a specific relationship between the brightness temperature attenuation and the ice water path can be established.
ARTS (the Atmospheric Radiative Transfer Simulator) is a highly modular, expandable and universally applicable software, which can be used to simulate and calculate the atmospheric radiative transfer from microwave to thermal infrared [16] . The atmospheric profiles of temperature, relative humidity, pressure and trace gas composition as inputs to simulator are from the FASCOD standard database [17] , and the spectrum parameters of molecular absorption are from the HITRAN2012 database extracted by the line-by-line integration [18] . Scattering parameters of ice cloud particles are derived from the single scattering property database of non-spherical particles calculated by Discrete Dipole Approximation (DDA) algorithm and the single scattering property of spherical particles calculated by Mie theory [19] . Subsequently, the method of Discrete Ordinate ITerative (DOIT) in ARTS is adopted to deal with the scattering simulation of cloud particles.
Basic Microphysical Parameters
The single scattering characteristics of ice cloud particles are related to their microphysical parameters, mainly including particle shape and particle size. The shape of the particles depends on temperature, relative humidity and physical process of formation. The shapes of ice cloud particles vary greatly from area to area, including aggregate, solid or hollow column, plate, bullet rosette, sphere and so on. Methods for describing single non-spherical particle size of ice cloud mainly include maximum size, equal mass spherical particle size and equal volume spherical particle size. In this paper, the effective particle size of non-spherical particles is calculated using the fitting relation between the equal volume spherical particle diameter and maximum size based on a large amount of observation data established by Yang et al. [20] .
The actual particle swarm of ice cloud contains many particles of different sizes, ranging from a few micrometers to thousands of micrometers. The size distribution function n(r) can be used to represent the number of particles per unit volume per unit radius interval. In the radiative transfer model, the most commonly used is Gamma distribution [21] , which is in the form of:
where, dimensionless parameter α represents the width of shape distribution, generally set as 1, and a and b are concentration parameters and scale parameters respectively, which are related to ice water content (IWC) and effective particle radius (R e f f ) as follows:
where, ρ is the density of the scattering medium, for ice clouds, ρ corresponds to the bulk density of ice, which is approximately 917 kg/m 3 . Γ is the Gamma function, ice water content (IWC) is the mass of ice cloud contained in the cloud per unit volume (g/m 3 ), and ice water path (IWP) is defined as the integral of ice water content between thickness of the ice cloud (g/m 2 ).
Selection of Channels
Selecting the appropriate channels in terahertz wave is the first step of the detection technology of ice clouds. The actual radiometer's channel is a passband with a certain width. For the same central frequency, there are usually several different offsets. Considering the current research status, such as Compact Scanning Submillimeter-wave Imaging Radiometer (CoSSIR), International Submillimeter Airborne Radiometer (ISMAR), Ice Cloud Imager (ICI) and so on; information of the representative channels is shown in Table 1 . Figure 1 shows the brightness temperature of 10-900 GHz detected at the top of the atmosphere using the ARTS simulation of mid-latitude winter clear-sky and ice cloudy-sky. The ice cloud is assumed to be a homogenous cloud with a height of 8-10 km and an ice water path of 80 g/m 2 . The cloud contains spherical ice crystal particles with an effective particle diameter of 200 µm. It can be seen that the ice cloud has almost no influence on the upward radiation of frequencies below 100 GHz, but has a greater impact above 100 GHz, which also indicates that the terahertz wave can be more effectively used for the detection of ice clouds. In addition, center frequencies of nine representative channels are marked in the figure, the solid black lines are the water vapor absorption channels, the solid green lines are the oxygen absorption channels, and the dashed lines are the window channels. It can be seen that the value of brightness temperature of the clear sky in the absorption channel is significantly smaller than that of the surrounding frequencies, indicating that the terahertz wave is strongly attenuated in the process of upward transmission. Additionally, there is an obvious difference in the bright temperature between the clear-sky and the ice cloudy-sky in the frequencies around the absorption channel.
Selecting the absorption line as the center frequency, on the one hand, can minimize the influence of the surface, the lower atmosphere and other absorption gases on the brightness temperature. On the other hand, by setting the offsets, the information of ice clouds at different heights can be obtained at a small cost. In order to minimize the effect of ozone on the received radiation, the selection of channels should avoid the ozone absorption line, but for 183 GHz, this effect cannot be completely ignored [22] . Due to the weak ability of penetration, the high-frequency channels are sensitive to high clouds, while the low-frequency channels can detect low ice clouds. For channels with different offsets of the same center frequency, the channels with smaller frequency offsets are more sensitive to high clouds because they are closer to the absorption line and have higher opacity. At the same time, the difference between the clear-sky and the ice cloudy-sky in the atmospheric window region is significant, so the window channels can be used to obtain the information of ice clouds different from the absorption line. Figure 2 shows the variation of the brightness temperature difference (∆T) detected at the top of the atmosphere with different effective particle sizes for different particle shapes when one offset of the nine center frequencies is chosen. ∆T is defined as the simulated brightness temperature value in the clear-sky minus that in the ice cloudy-sky. The ice cloud is assumed to be homogeneous with a height of 8-9 km and an ice water path of 400 g/m 2 . It can be seen that the shape of the ice cloud particles affects its scattering characteristics, and the influence on the terahertz radiation at the top of the atmosphere is irregular. However, this effect is much smaller than the effect of particle size. When different particle shapes are used, the overall trend of the ∆T during nadir observations with the effective particle diameter is consistent. Because when the ice crystals in the cloud have many different mixed shapes and orientations, the total intensity received is less affected by the shape of the particles, and their asymmetric scattering properties of individual ice crystals are effectively averaged [23, 24] . Moreover, ice particles are typically smaller than snow particles and hence are less effective scatterers, so the choice of particle shape is less important for cloud ice than for precipitation [21] . Therefore, it is preliminarily assumed that the shape of the ice cloud particles is spherical in the simulation, and the Mie scattering theory can be used to simplify the calculation. Figure 3 shows the variation of the ∆T detected at the top of the atmosphere with different effective particle diameters in all selected channels. The ice cloud is assumed to be a homogeneous cloud with a height of 8-9 km and an ice water path of 500 g/m 2 . It can be seen that the sensitivities of different frequencies to the effective particle size is quite different. The ∆T of low-frequency channels such as 118.75 GHz, 157.05 GHz, 183.31 GHz and 243.20 GHz are monotonically increasing as the effective particle diameter becomes larger. Therefore, ∆T of low frequency is large for big particles, and it is easy to retrieve big particles through the brightness temperature detected by low-frequency channels. The ∆T of high-frequency channels first increase rapidly and then decrease, and the higher the frequency, the maximum ∆T occurs at the smaller effective particle diameter. So ∆T of high frequency is large for small particles, moreover, the ∆T has a large slope with small particle size, it is easy to distinguish small particles through high-frequency channels. This indicates that the interaction between high frequencies and small particles is stronger, while the interaction between low frequencies and big particles is stronger. At the same time, for channels with different offsets of the same center frequency, the larger the frequency offset is, the larger the ∆T is, especially for the oxygen absorption channel of 424.70 GHz, showing that the channel with larger frequency deviation is far away from the absorption line and has a higher transparency, so it can detect lower ice clouds, and the channel with smaller frequency deviation is more sensitive to high thin clouds. Figure 4 shows the variation of the ∆T detected at the top of the atmosphere with different ice water paths in all selected channels. The ice cloud is assumed to be a homogeneous cloud with a height of 8-9 km and an effective particle diameter of 150 µm. Similar to the effect of effective particle size on the terahertz radiation, The ∆T of high-frequency channels first increase rapidly and then decrease, and the higher the frequency, the maximum ∆T occurs at the smaller value of ice water path. Therefore, the high frequency is sensitive to the low ice water path and can be used to detect high thin ice clouds. The ∆T of low-frequency channel increases monotonously and is approximately proportional to the ice water path. As the frequency increases, the ∆T starts to saturate at a point of ice water path, and the higher the frequency, the earlier the saturation begins. Meanwhile, for channels with different offsets of the same center frequency, the larger the frequency offset is, the larger the ∆T is. This also shows that the channel with larger frequency offset has higher transparency, the lower ice clouds can be detected, and the channel with smaller frequency offset is more suitable to detect high clouds. 
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In order to better visualize the effect of the combined effects of particle size and ice water path on terahertz radiation, Figure 5 shows the ∆T detected at the top of the atmosphere with different effective particle diameters and different ice water paths when one certain offset of the nine center frequencies is chosen. The graph can validate the conclusion of the sensitivity analysis above. As the frequency increases, the maximum ∆T appears at the smaller effective particle diameter and the smaller ice water path. Different frequencies have different sensitivities to the ice clouds, so it is difficult to obtain comprehensive microphysical feature of ice clouds through a single channel. By assuming different cloud heights between 6 and 11 km, the magnitudes of the ∆T detected by different channels are slightly different, but the same rule can still be obtained.
We used a combination of multiple channels to eliminate most of the influence of factors on the brightness temperature difference, such as particle size and cloud height, thus directly achieving the inversion of the ice water path. Figure 6 shows the variation of the ∆T with the ice water path (1-1000 g/m 2 ) for different effective particle diameters in the range of 2-300 µm and different cloud heights in the range of 6.5-11 km in the mid-latitude winter scene. Both the ∆T and the ice water path are logarithmic results. The values of effective particle diameters are 2 µm, 10-300 µm for every 10 µm, that is, a total of 31 cases, the values of cloud heights are 6.5 km, 7.0 km, 7.5 km, 8.0 km, 8.5 km, 9.0 km, 9.5 km, 10.0 km, 10.5 km, 11.0 km, a total of 10 cases, For ice water path, the low values have a high density, which are 1-20 g/m 2 for every 1 g/m 2 . The high ice water paths have a relatively small density, 20-100 g/m 2 are taken for every 10 g/m 2 , and 100-1000 g/m 2 are taken for every 20 g/m 2 , that is, a total of 73 cases. Therefore, there are a total of 31 × 10 × 73 = 22,630 combinations. Then use ARTS to simulate the brightness temperature, draw the logarithmic plot of ∆T and ice water path when considering different effective particle sizes and cloud heights. It can be seen that by taking the logarithm, the ∆T of different channels can be a linear relationship with the ice water path, so it is proposed to use multiple linear regression for fitting analysis. Set the brightness temperature difference as ∆T, ∆T i is the brightness temperature difference of the i-th channel, so the regression relationship between the ice water path and the brightness temperature difference of different channels can be obtained by
where, A and B i are constant coefficients obtained by multiple linear regression analysis, m is the number of channels, where nine center frequencies have been chosen, a total of 21 channels with different offsets. In Table 1 , each channel is numbered according to the center frequency and the sequence of offsets for convenience, that is, the first offset of the first frequency (118 ± 1.1 GHz) is recorded as (1.1), the second offset of the first frequency (118 ± 1.5 GHz) is recorded as (1.2), and the frequency of window has only one offset, such as the second frequency (157.05 ± 2.6 GHz) is recorded as (2) . The fitting equation obtained by the stepwise regression method uses two oxygen absorption channels (118.75 ± 1.1 GHz, 118.75 ± 3.0 GHz), two water vapor absorption channels (183.31 ± 1.0 GHz, 183.31 ± 7.0 GHz), and two window channels (243.20 ± 2.5 GHz, 874.4 ± 6.0 GHz). The adjusted R square is 0.951, which indicates that the regression equation has a good overall fitting degree on the observed bright temperature difference. Compared with single channel, multi-channel detection can be used to provide a more comprehensive information of ice water path. 
Inversion Error Analysis
Although the combination of multiple channels can eliminate most of the effects of particle size and cloud height on the brightness temperature difference, the irrelevant factors will still have some influence on the inversion of the ice water path, so further evaluation is needed. The effect of the inversion can be quantitatively evaluated by comparing the value of the regression inversion with the true value of ice water path. In order to avoid the influence of the presence of outliers, the median error is used instead of the standard deviation, which is more robust against rare outliers than root mean square (RMS) error [25] . The value of the ice water path has a large dynamical range, therefore, the evaluation of low IWP value uses the median absolute error (MAE), and the high IWP value uses the median relative error (MRE) [11] , that is
where,x i is the i-th value of the retrieved IWP, and x i is the i-th true value. Figure 7 shows the retrieval performance of multi-channel regression method for different ice water paths. It can be seen that the median relative error for high IWP is generally within 10-30%, the inversion error tends to deteriorate at the extremes of the retrieval ranges on both sides, the middle range is smaller, and the minimum is 16.1% at 540 g/m 2 . This is because when the ice water path is low, the detected signal of brightness temperature difference is also weak, and when the ice water path is high, most of the channel's sensitivity will eventually reach a saturation state. In addition, with the high-frequency channel, the median absolute error is small when the ice water path is less than 20g/m 2 , but the median relative error is relatively larger at 100-300 g/m 2 . Due to the strong scattering effect of high-frequency channel, it is more sensitive to the low ice water path. However, for the lower or thicker clouds, it will cause an opacity to the atmosphere, and only a part of atmospheric columns with ice water content can be sensed. The solid black lines depict the accuracy requirements, which denote a 1-10 g/m 2 requirement range for low IWP and a 10-50% relative requirement range for high IWP, respectively [25] , and the inversion error of the fitting equation is also drawn in the figure. It can be seen that the errors are always within the acceptable range of accuracy requirements. In particular, the inversion error of low ice water path is relatively small, indicating that the multi-channel regression method for the inversion of ice water path can achieve the expected scientific mission objectives. 
Conclusions
First, using several selected representative channels in terahertz band, simulations and analysis were carried out under the clear-sky and ice cloudy-sky respectively. More attention was paid to compare the different responses of different channels to the microphysical parameters of ice clouds. Without the prior physical characteristics of ice clouds, the retrieval database cannot be constructed. Therefore, a simple statistical method of multi-channel linear regression analysis was used, realizing a more efficient inversion of ice water path. For the detection of ice clouds by terahertz wave, we usually choose water vapor or oxygen absorption lines and window regions as the inversion channels. Moreover, different offsets were set to detect more information of ice clouds, since different frequencies have different sensitivities to microphysics of ice clouds. High frequencies are sensitive to small particle sizes and low ice water paths, while low frequencies are opposite. When considering the superposition effect of the two microphysical parameters (ice water path and particle size), and one macroscopic physical parameter (cloud height), multiple channels can be selected for fitting to find the optimal combination. The regression equation has a fit degree of 0.951, and the inversion error is acceptable.
It should be noted that the simulation of this paper is only theoretically analyzed, and some factors are assumed to be simplified into an ideal situation for easy processing. For example, the ice cloud is assumed to be homogeneous, which will affect the accuracy of the inversion results to some extent. In addition, the actual ice water path and particle size will satisfy certain constraints. Therefore, all the one-to-one correspondences may not necessarily appear in Figure 5 . When inverting parameters of ice clouds, it is better to combine the prior information of the ice clouds to eliminate the priori conditions that do not conform to the reality and improve the accuracy of regression. These issues will be further analyzed and resolved in subsequent studies. 
